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INVESTIGATION THE EFFECTS OF BALCONY THERMAL BRIDGES ON
BUILDING ENERGY PERFORMANCE

SUMMARY

Depletion of fossil fuels, increasing energy prices and carbon emissions are high-
lightened need for energy efficiency. Recently, countries develop their own energy
codes and standards day by day. Green energy technologies, sustainable solutions
and energy efficiency are preferred. Public policies and voluntary agreements are for
people to consume low energy. With regard to their operation times, buildings
account a considerable amount of energy consumption.
In Turkey, most of buildings consume more energy than European countries. Lack of
insulation on building envelope leads to an increasing pattern in energy
consumptions as well as inaccurate commissioning process and imprecise life cycle
cost assessments among many other related aspects.
Thermal bridge issues generally not considered during design, construction and
retrofitting phases. However, thermal bridges accounts significant role on overall
energy consumption in building. Thermal bridges could occur different part of
buildings such as roof, internal floor, pillar, ground floor and balcony. Through a
building’s life cycle thermal bridges effect energy consumption, durability and
indoor environmental quality of building. Unwanted heat transfer leads to increase in
energy consumption. Thermal bridge surfaces have lower temperature than indoor
ambient temperatures. This situation may causes condensation in surface or in wall.
Thus, durability of construction decreases. Furthermore, condensation on indoor
surfaces effects moisture level and fungi grow in indoor spaces. Undesired indoor air
quality may lead to decrease in comfort, worker performance. Moreover indoor air
directly effects the health.
In this study, balcony thermal bridges are investigated in terms of energy
consumption also, surface condensation potential is assessed on the basis of surface
temperature factor calculation. In order to conduct a thermal bridge study, an
uninsulated two story residential building is selected where is located in Manisa
Province. Base on building data, two dimensional heat transfer simulations are
performed with Therm software. Therm outputs are derived to overall U value and
these values are inputted into the eQuest software. Effects of thermal bridges are
examined through a building energy model.
Three case studies are developed as following;

Case -1 : Existing condition (uninsulated),

Case -2 :Exterior wall insulated condition,

Case -3 : Exterior wall and balcony slab insulated condition.
With the application of insulation layer to exterior wall (Case-2), heating energy
consumption decreased by 48.8% also, cooling energy decreased by 22.3% compared
to the existing case. With the insulation of exterior wall and balcony slab (Case-3),
heating energy consumption decreased by 4.4% and cooling energy consumption
decreased by 0.8% compared to case-2.
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BALKONLARDA OLUSAN ISI KOPRULERININ BINA ENERJI
PERFORMANSINA OLAN ETKILERININ INCELENMESI

OZET

Fosil yakitlarin azalmasi, artan enerji fiyatlar1 ve fosil yakitlarin g¢evreye olan
olumsuz etkileri ile birlikte siirdiiriilebilirlik, enerji verimliligi karbon ayak izi gibi
terimler giintimiizde popiiler bir hale geldi. Bir ¢ok farkli disiplinin arastirmacilari
arttk bir araya gelerek enerjinin nasil daha verimli kullanilabilecegi hakkinda
calismalar yapmaya basladilar. Gelismis {ilkeler enerji kullaniminda yasal
smirlandirmalar getirerek insanlar1 enerji verimli ¢6ziimler kullanmaya tesvik
etmektedirler. Bunun yaninda yenilenebilir enerji kullanimima tesvik saglayarak
yenilenebilir enerji iretiminin artmasi ile karbon salinimlarini ciddi orandan
diistirmekle birlikte siirdiiriilebilir bir ¢evre olusturmaktadirlar.

Siirdiiriilebilir yaklagim binann ilk tasarim asamasindan itibaren dikkate alindiginda
aslinda faydalanilabilecek bir ¢ok kaynak oldugu goriilebilmektedir. Bina tasariminin
bu kaynaklarin kullanimina uygun yapilmasi ile binanin enerji tiiketim miktar1 biiyiik
Ol¢iide azaltilabilmektedir. Bu sekilde dogal kaynaklarimizi daha etkin kullanmakla
birlikte ¢evre ile dost siirdiiriilebilir sehirler insa etmis olmaktayiz. Giines enerjisi
acisindan baktigimizda glinimiizde binanin 1sitma ve sogutma ihtiyact belirli bir
Olciide saglanabilmektedir. Eski mimarileri inceledigimizde Nevsehir bolgesinde
bulunan tarihi yapilarda bunlarin ¢ok eski orneklerine de rastlamak miimkiin. Is1
kiitlesi denilen bu sistem 1s1 enerjisini i¢inde depolayarak ihtiya¢ olan saatlerde
cevresine yaymaktadir. Bolgedeki hakim riizgar yoniine gore yapilan tasarimlarda
havalandirma ihtiyacit da bir Slgiide karsilanabilmektedir. Binalarin en ¢ok enerji
tiketen sistemlerinin 1sitma, sogutma ve havalandirma oldugu diisiiniildiigiinde
yapilan tasarrufun da 6nemi kavranabilecektir.

Diger bir yandan fosil yakitlarin émriiniin sonuna geldigini diisiiniirsek enerjimizi
daha verimli kullanmak, alternatif enerjilere yonelmek ve siirdiiriilebilirlik kavramini
projelerde biitlinsel bir sekilde kavramak gerektigi sonucunu ¢ikartabiliriz.

Enerji genel olarak ulasim, sanayi ve konutlarda tiiketilmektedir. Binalarin
aydinlatma, 1sitma ve sogutma, sicak su ihtiyaci gibi kullanimlar diisiintildiiglinde ve
binalarin glinliik kullanim siireleri de géz Oniine alindiginda tiikettikleri enerjinin bir
hayli fazla oldugu goriilmektedir. Ulkemizde konut sektdriindeki canlilik da
diistintildiiginde Tiirkiye icin binalarda enerji verimliligi bir zorunluluk haline
gelmistir denilebilir. Enerjide disa bagimli olusumuz ve mevcut yapilarin enerji
verimsiz olusu bizi enerji verimliligi konusunda alt siralara tagimaktadir. Almanya,
Ingiltere, Amerika gibi gelismis iilkeler LEED, BREEAM, Passive House gibi bina
etiketleme prosediirleri gelistirerek binalarin enerji tiiketimlerini azaltip enerji
verimli teknolojilerin yayginlagmasini sagmaktadirlar.
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OECD iilkelerinde evsel binalarda enerji tiiketiminin toplam enerji tiiketiminde
paymin %43 olacagi Ongoriilmektedir. Tiirkiye’de ise toplam enerjinin %32’si
binalarda, %33’li ise 1sitma enerjisi i¢in harcanmistir. Veriler Tiirkiye’nin2004’te
19.9 MTEP, 2014’te 43.7 MTEP enerji tlikettigini gostermektedir. 10 yil icinde
toplam tiiketimin %100’den fazla arttig1 goriilmektedir. Binalarin toplam enerjinin
yaklagik 1/3’{inii tiikettigi yukarida agiklanmisti. 2013 yilindan alinan verilere gore
Tiirkiye elektrik enerjisinin enerjisinin %43.8’ini dogal gazdan iiretmektedir.
Tiiketilen dogal gazin % 30.8’1 ve elektrigin %49 u binalarda kullanilmistir.

Enerji verimliligi strateji belgesine gore Tiirkiye 2023 yilinda gayrisafi yurtici hasila
basina tiiketilen enerji miktarmi 2011 degerine gore %20 azaltmay1 hedeflemektedir.
Enerjinin verimli kullanilmas1 bu hedefin gergeklestirilmesindeki en 6nemli kriterdir.

Binalarda net 1sitma enerjisi ihtiyaclarini hesaplama kurallarina ve binalarda izin
verilebilir en yiiksek 1sitma enerjisi degerlerinin belirlenmesine dair Tiirk Standardi
TS 825 ilk olarak Bayindirlik ve Iskan Bakanligi tarafindan 1999 yilinda resmi
gazetede mecburi standart tebligi olarak yaymnlanmistir. Bu standart igin zorunlu
uygulama ise 2000 yilinda baglamistir. Bu standart, derece giin sayilarina gore
Tiirkiye’yi farkli bolgelere ayirmistir. Binalarin senelik 1s1 thtiyact yiizey/hacim orani
esas alinarak fakli bolgeler i¢in belirlenmistir. Giiniimiizde denetimin yeterli
yapilmamasina bagli olarak 1s1 yalitim c¢alismast yapilmayan binalar hala
bulunmaktadir. Bunun yaninda isletmeye alma prosediirlerinin tam anlamiyla
uygulanmiyor olusu binalarda enerji kayiplarini biiyiikk Slgiide arttirarak tiiketim
oranlarimizi Avrupa iilkelerine gore kiyasla ytlikseltmektedir.

Is1 kopriileri, binalarda malzeme gegislerinde ve/veya kalinlik degisimlerine bagl
olarak 1s1l iletkenligin degismesi nedeniyle 1s1 gecisinin artmasidir. Artan 1s1 gegisi
enerji tliketimini arttirmakta ve binada hasara neden olabilmektedir. Is1 kopriilerinin
olustugu yiizeylerde kis aylarinda yogusma sicakliina inilmesi ile birlikte yogusma
olayr gerceklesmektedir. Yogusma, i¢ ortamda maddi kayip yaratacag: gibi icerideki
nem oranini etkilemesi ve kiif olusumunu tetiklemesi gibi nedenlerden &tiirii i¢ hava
kalitesini ve 1s1l konforu olumsuz olarak etkilemektedir. i¢c hava kalitesindeki bu
kotiilesme beraberinde hasta bina sendromu denilen durumunu olusturmakta ve bina
sakinlerin hastalanmasina neden olabilmektedir. Bu tiir durumlarin is yeri ve
okullarda goriilmesi performansin insanlarin performansmin diismesine beraberinde
maddi kayiplara neden olmaktadir. Diger bir yandan yiizeyde yogusma olmasi bina
mukavemetini olumsuz etkilemektedir.

Is1 kopriileri binalarda cati, balkon, koseler, ara katlar, i¢ duvarlar, toprak temash
zeminler, kolon ve siitunlar, pencere ve kapilarda meydana gelebilmektedir.

EN 14683 standardinda binalarda olusabilecek degisik 1s1 kopriileri ig¢in kapsamli bir
tablo olusturulmustur. Bu tablolardan iizerinde c¢alisilacak 1s1 kopriisii segilerek
tabloda verilen lineer 1s1l iletkenlik degerinin okunmasi ile birlikte dis duvarin 1s1l
iletkenliginin 1s1 kopriileri ile nasil degistigi hesaplanabilmektedir. Elde edilen 1s1l
iletkenlik degeri ile birlikte binanin toplamda kaybedecegi 1s1 miktar1 hesaplanip, 1s1
kopriisiinden kaynaklanan enerji kayb1 bulunabilmektedir. Fakat EN 14683 standardi
kullanilarak yapilan hesaplarda lineer 1s1l iletkenlik degeri tablolardan okundugu i¢in
icinde bir miktar hata pay da barindirmaktadir.
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EN 10211 standardi 1s1 kpriilerinin niimerik olarak haslanmasini agiklamaktadir. Bu
standartta hesaplanmak istenen geometri standartta tanimlandigi sinir kosullar
saglanmak iizere spesifik bir bolgenin lineer 1s1l iletkenligi hesaplanabilmektedir.
Sonlu elemanlar yontemi ile calisan programlarda hesaplanmak istendiginde
standardin sonunda bulunan testlerin kullanilacak programa yaptirilmasi ve ¢ikan
sonuclarin standartta verilen sonuglarla ne 6l¢iide uydugu mukayese edilmelidir.

Bu caligmada Manisa’da iki katli bir evsel bina segilerek ii¢ tane vaka c¢aligmasi
yapilmistir. Yapilan hesaplamalar EN 10211 standardi ¢ergevesinde yiiriitiilmiis olup
balkon kesiti igin 1s1 koprii ¢alismasi yapilmis ve bina enerji performansina olan
etkileri incelenmistir. Hesaplamalar sonucunda balkonlarda olusan 1s1 kdpriilerinin
1sitma enerjisi tilketiminde %#4.6, bina enerji performansina %3.1 mertebesinde
etkisinin oldugu goriilmiistiir.
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1. INTRODUCTION

Energy efficiency, sustainibility and low emmission terms become more popular
between various disciplines recently. Negative effects of fossil fuels to the
environment, their increasing prices and depletion lead to investigate new energy

technologies and energy efficiency.

With the civilization of world, people spend most of their time in buildings.
Regarding operation times of buildings, their energy consumption accounts a
considerable amount money. Estimated residential energy consumption in
Organisation for Economic, Co-operation and Development (OECD) Countries is
43% and in non-OECD counties this value increases 57% for 2015 [1].With respect
to energy consumption in buildings, developed countries enhanced different energy
efficiency concepts such as United States developed Leathership in Energy and
Environmental Design (LEED), Germany developed Passive House and United
Kingdom developed Building Research Establishment Environmental Assessment

Methodology (BREEAM) in order to decrease carbon emissions of buildings.

In 2004, Turkey’s consumption recorded as 19.9 million Ton Oil Equivalent
(MTOE). This value increased up to 43.7 MTOE by 2014 [2]. In Turkey, buildings
account 32% of total energy [3]. Besides, 33% of total energy consumed for heating
needs. Because of energy dependecy of Turkey to the other countries, energy

efficiency is more important than other countries for Turkey.

Heat gain and loss of building can play an important role addressing the issue of
energy efficiency, besides, thermal bridge is an important aspect of heat transfer. In
general, effects of thermal bridges are not considered during design, construction and
retrofitting phases. However due to buildings high heating energy consumption
effects of thermal bridges need to considered. Not only the energy efficiency issues
but also effects on indoor environmental quality highlights importance of thermal
bridge. Recent developments in energy efficiency gave birth the need for

investigation of thermal bridges in order to achieve low carbon emission buildings



[4]. In Turkey, TS 825 standard which accounts thermal insulation requirements for
buildings was published in 1999 [5]. However, insulation studies have not completed
for all buildings [6].

In Turkey, energy consumption per square meter is higher than European countries
because lack of insulation studies [6]. Furthermore, ineadequacy of commissioning

process increases energy consumption in a significant way.

This study assesses the significance of thermal bridge that occurs on building
envelope, specifically on balconies. In order to conduct this exploratory study, a two

story building located in Manisa, Soma was employed for simulations.

Chapter two begins by explanation of literature, it will then go on to standards related

to thermal bridge.
Chpater three concerned with methodology used for this study.

Chapter four gives a detailed overview of case study which explained briefly in

summary section including calculations and results of simulation.

Chapter five presents results of analysis and simulation also their comperative results

of each cases.



2. LITERATURE REVIEW

Up to now, a number of studies have investigated the effects of thermal bridges on

building energy performance as mentioned below;

In Assessment and Improvement of the Energy Performance of Building Directive
Impact (ASIEPI) project Erhorn H. et. al. studied effects of thermal bridges on
building energy performance. The study asserts that, the effect of thermal bridge on
heating energy demand may raise up to 30%. Nonetheless, it has less impact on

cooling energy demand [7].

ASHARE inspected 40 common mid-rise and high-rise building construction in
order to provide thermal performance data. The study showed that, 3D thermal

bridges have a great impact on assembly effective R-value [8].

Yilmaz D., investigated six story tunnel at a social housing unit in Ankara by
consideration of six common thermal bridge areas as; balcony, basement wall, roof,
floor slab, internal partition and corner detail on the basis of Passive Hose Principles.
The study suggests that, heat loses through thermal bridges are highest in balcony.
Moreover, insulation of balcony floor slab both above and below may reduce thermal
bridge heat losses by 32%, also usage of thermal break element for balcony can
reduce the thermal bridge heat losses by 84%, additionally floor surface temperature

may increase and mold growth can be prevented [9].

Ge et al. examined multi-unit residential buildings with regard to thermal bridge
effect of balcony slab on overall U-value of building envelope, space heating energy
and space cooling energy consumption. Moreover, in the research, balcony thermal
break was considered on the basis of typical winter design conditions for Toronto.
The study showed that U-value of balcony slab can be improved by 72-85% and
minimum floor surface temperature is increased from 6.1 °C to 12.5°C, besides,
space heating energy consumption can be decreased by 5-13% and space cooling
energy is reduced less than 1% with the introduction of balcony thermal brake due to

simulation results [10].



Theodosiou and Papadopulous, investigated the thermal bridge on a typical three-
story apartment building with an open ground floor space (piloits) and a flat roof
based on Thessaloniki climate conditions. According to the study, annual heating
load of building may be reduced by 30%, on the other hand, thermal bridge effect on
annual cooling load is negligible [11].

Evola et al. studied the effects of thermal bridges for terraced houses and semi-
detached houses regarding Italian climate conditions. As a first step, thermal bridge
effect on heating and cooling load was analyzed then correction of thermal bridges in
terms of financial based on discounted payback period were calculated. The results
indicates that, heating energy consumption can be decreased by 25% for terraced
houses and 17.5% for semi-detached houses. However, cooling energy consumption
of the building may be decreased by 8.5% with the correction of thermal bridges.
Financial analysis showed that, correction of thermal bridges is not cost-effective in
Italian climate [12].

Ge and Baba evaluated dynamic effect of thermal bridges on energy performance of
a low rise residential building depends on cold and hot climatic conditions. The
impact of direct 2D/3D modelling method, equivalent U-value method and
equivalent wall method are identified. For the cold climate simulation results suggest
that, thermal bridges increase annual heating load by 18%, besides, using 3D
dynamic method, annual heating load was calculated 13% higher than using
equivalent U-value method and 9% higher than equivalent wall method. On the other
hand, for the hot climate, simulation results indicate that, thermal bridges increase
annual cooling load by 20%. Moreover, using 3D dynamic method, annual cooling
load is calculated 17% higher than the equivalent U-value method, also, 14% higher

than equivalent wall method [13].

Gomes et al. employed combined thermal properties method in order to investigate
impact of thermal bridges on thermal performance of light steel framing buildings in
Brazil. In the study, two air-conditioned commercial buildings were used. As
regards to simulation results, inclusion of metal frames in simulation increases

thermal peak load by 10%, also, annual energy consumption increases 5% [14].



Ibrahim et al. investigated windows offset thermal bridge from exterior walls of a
typical French house. According to the study, percentage of the windows’ offset

thermal bridge can effect building energy load approximately 4-8% [15].

Guolity et al. inspected thermal performance reinforced polymer thermal brakes for
balconies or roof projections for a typical residential building in Switzerland. The
study suggest that, correction of thermal bridges may decrease heating demand by
41% [16].

Cappeletti et al. studied the effects of window frame thermal bridges in terms of
linear thermal transmittance on the basis of EN 10211:2007. The frame position and
the configuration of the window hole insulation are investigated. According to the
study, the position of the frame and moving window internal to external position

decreased linear thermal transmittance by 70-75% [17].

Sezer and Yesilyurt carried out an investigation into the effects of insulation on
linear thermal transmittance and heat loss. Building’s envelopes are analyzed in a
residential district selected for the study in Bursa province, Turkey. The study claims
that, linear thermal transmittance of uninsulated internal floor slab is nearly 35%
greater than externally insulated internal floor slab. Moreover, linear thermal
transmittance of uninsulated internal floor slab is 23% higher than above and below

insulated internal floor slab [18].

Collectively, Publicly reported studies on thermal bridge outline a critical role of this
subject. In the light of these studies we have investigated our building. This
dissertation studies a residential building to investigate the effect of balcony thermal

bridges on building energy performance.

2.1 Standards related to thermal bridges

European and Turkish standards which covers thermal bridge issues are mentioned

below;

The European Standard EN 10211 provides numerical calculations for a three-
dimensional and two-dimensional geometrical model of a thermal bridge in order to
determine heat flows to assess heat loss of building or a specific part of it and
minimum surface temperatures to investigate overall heat loss and surface

condensation risk. The calculations are built upon following two assumptions [19]:



¢ All physical properties are independent of temperature,
e There are no heat sources within the building element.

Derivation of linear and point thermal bridges and surface temperature factors can be
derived using EN 10211 as well.

The European Standard EN ISO 14683 presents a time-effective approach to
determine heat flows through linear thermal bridges based on thermal bridge atlases
where values of linear thermal transmittances are reported. This standard determines

manual calculation methods for thermal bridges.

Calculation of thermal bridges in terms of numerical or thermal bridge atlases affect
accuracy range of results. The numerical calculations have £5% and catalogues have

+20% accuracy range [20].

The European Standard EN 6946:2007 identifies calculation methods of the thermal
transmittance and thermal resistance of building elements excluding doors, windows
and other glazed elements. Calculation of thermal transmittance is based on thermal

resistance of building elements [21].

Finally, Turkish Standard TS 825 proposes the rules calculating net heating energy
and determination of maximum permissible heating energy value in the buildings.
However, this standard does not provides a certain calculation methods of thermal
bridges for different building sections. According to TS 825, thermal bridges must be
calculated considering EN 10211 and EN 14683 or EN 6946 [22].

Table 2.1 : Standards related to thermal bridge.

Name of the  Effectiveness of the  Scope of the standard Calculation
standard standard methods based on
EN 10211 European standard Numeric calculation
of thermal bridges
EN 14683 European standard Calculation of EN 10211

thermal bridges
based on catalogue

EN 6946 European standard Calculation of linear
thermal transmittance

TS 825 Turkish standard Calculation of EN 10211, EN
insulation thickness 14683, EN 6946




3. METHODOLOGY

Fast grow in construction sector in Turkey increased the attention for building energy
performance. As mentioned in previous chapters heating and cooling requirement
accounts a considerable amount of energy consumption in Buildings also in country
level as well.

Following flow chart illustrates main steps of the methodology used in this study

Building selection

"

Identification of the
environmental site

2

Identification of the building
characteristics

2

Identification of the problematical
surfaces in the building in terms
of thermal bridge

2

Identification of calculation
methods for heat flow

2

Assessment of building energy
performance

Figure 3.1 : Methodology of this study.



In order to evaluate thermal bridge effects on building energy performance for
residential buildings, a typical single block concrete two story building which located
in Manisa province is selected. Later, environmental site of the building is identified
based on stastistical data depending on annual hourly weather data including
minimum, maximum and average temperatures, solar radiation values and
precipation profiles to evaluate heat loss through envelope to outside space. Then,
building characteristics are identified in terms of building footprint, envelope details
including material properties, layers of walls, shape of windows and doors, type of
roof, heating and cooling systems of building. By the identification of environmental
site, next step was, identification of problematical surfaces on building envelope
with regard to thermal bridge. In my study, especially balcony slab is investigated.

Then, calculation methods are identified and boundary conditions are determined.

3.1 Building Selection

In Turkey, heating energy consumption accounts 33% of total energy [6]. Besides,
residential buildings consume 32% of total energy.TS 825 standard which determines
thermal insulation requirements for buildings was published in 1999 [5]. However,
inadequencyof insulation study for buildigs gave birth to excessive heat loss from
buildings [6]. Besides, lack of commissioning process prevents to going further.

This dissertationstudies a twin unit, a twin unit two story building located in Manisa

Turkey.

3.2 ldentification of Environmental Site

Environmental site is an important issue when it comes to energy modelling of
building. Hourly temperature data, average wind speed and solar radiation of district

effects simulation results.
Weather data taken from General Directorate of Meteorology.
3.3 ldentification of Building Characteristics

In order to conduct a thermal bridge study, envelope details in terms of dimensions

of building and materials must be known to evaluate k values. k value is a physical



property of matearial which determines thermal transmittance, and expressed in

W/mK with respect to Sl unit system.

On the basis of surface temperature calculation results relationship between thermal
bridge and indoor environmental quality is evaluated. In detail, the effects of
precence of mold growth on indoor surface on indoor air quality is clarified.
Moreover thermal bridge effects on building durability is explained briefly.

Overall energy performance of the buiding is calculated based on the architectural,
mechanical and electrical systems as well detailed specifications about these building
systems. lIdentification of The Problematical surfaces in the Building in Terms of

Thermal Bridge

Thermal bridge can be defined as; a part of building envelope that thermal

transmittance changed by material transition or thickness uniformity [19].

Thermal bridge may occur on building envelope in different reginons. EN 14683

classifies thermal bridges in eight main categories as listed below [20]:
¢ Roof thermal bridges
e Balcony thermal bridges
e Corner thermal bridges
¢ Intermediate floor thermal bridges
e Intermediate wall thermal bridges
e Ground floor thermal bridges
e Pillar thermal bridges
e Window and door opening thermal bridges

In this study balcony thermal bridges are investigated.

3.4 ldentification of Calculation Methods

In this section calculation methods which are used in this study are explained in
detail. Numeric calculation of thermal bridges are explained in EN 10211:2007
standard [19].



The calculation process starts with development of exterior wall’s U-values on the
basis of internal and external surface resistances and wall material’s thermal
conductivity values. Followed by, linear thermal transmittance values for balcony
slab are calculated. Depending on linear thermal transmittance values, overall U
values of envelope are determined. Then, calculation of building energy performance
in terms of heating, cooling and total energy consumption is performed.

Following section describes the calculation methods for thermal bridge.

3.4.1 Heat transfer

Heat is a form of energy and transfers from high temperature to low temperature
region and stops when two mediums reach the same temperature. This situation
called as thermal equilibrium.. Heat transfer is a science which deals with

determination of rates of heat transfer [23].

Heat transfer can be occured in three way such as; conduction, convection and

radiation.

3.4.1.1 Convection

Convection is a type of heat transfer between solid surface and adjacent fluid motion.

It comprises effects of conduction and convection as well [23].

Rate of fonvection heat transfer can be expresses as following formula;

Q=hA(T,-T,) (3.1)

Where, h is convection heat transfer coefficient in W/m?, As is surface area in m?, Tw.s

is boundary temperatures in K, Q is rate of convection heat transfer in W.

3.4.1.2 Radiation

Changes in electronic configurations of atoms or molecules resulted in
electromagnetic waves. The form of electromagnetic wave or photon are called
radiation [23].

Rate of radiation heat transfer can be expressed as following formula;

10



Q=coATS (3.2)

Where, ¢ is emissivity of surface, o stefan-boltzman constant in W/m?K*, Ts s

surface temperature in K.

3.4.1.3 Conduction

Energy transfer that can take place in solids, liquids and gases from high energy
substance to adjacent low energy substance is defined as conduction. Amount of
conduction depends on geometry of material, thickness of material and physical
properties of material. Experiments have proved that; heat conduction through a
plane increases with the temperature difference across the layer and the raise in heat
transfer area. However, conduction decreases with the increase in thickness of the
layer [23].

Following figure illustrates heat transfer via conduction.

T1

Figure 3.2 : Conduction heat transfer through a plane wall.

Tl'Tz _

Qcond = kA AX

AT
KA, "™ 3.3)

Where, k is thermal conductivity of material in W/m°C, T1 is boundary temperatures

in °C, Ax is thickness of the plane wall in m.
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Steady state heat conduction in plane walls

Considering a heat conduction through a building wall in winter season. Heat transfer
occurs from hot indoor space to cold ambient space depending on temperature
difference between indoor and outdoor ambient. Besides, heat transfer through the
wall is in normal direction to the wall surface. If air temperatures are assumed
constant for inside and outside spaces, heat transfer can be modelled as steady state
and one dimensional. In this case, temperature of the wall is a function of wall length
[23].

3°C
20°C

YA

Figure 3.3 : Heat transfer through a plane wall.

Energy balance of the wall can be drawn as;

- - _ dEwall
Qin Qout - dt

(3.4)

Where, dE,,, /dt is rate of change of energy of the wall in W.

wall

The temperature in steady state conditions does not change with time. Thus, the rate

of change of energy of the wall must be equal to zero. This means that, Qcondywa,, is

constant.

12



Consider a plane wall of thermal conductivity k, thickness L. Inner and outer surface

of the wall maintained at constant temperatures as T: and T.. For one dimensional
steady state heat conduction through the wall we have T(X). Thus, Fourier’s heat

conduction law can be expressed as;

: dT
Qcond,wall = -k& & (35)

Where, dT/dx is temperature change with x direction in °C.As it is mentioned above,

Qcond,wall is constant. Thus, dT/dx must be constant as well. This means that

temperature through the wall varies linearly with x.

If we integrate the Fourier’s equation from x=0where T(O)le, to X=Lwhere

T(L)=T, we will get;

L . .
_f Qcond,wa“ dX:_ .[ kAdT
x=0

T=T,

Integration yields us;

Tl - Tz

Qcond,wall = kAS L

(3.6)

Again, the formula above suggests that, thermal conductivity, wall area and
temperature difference are proportional to heat conduction, however, heat conduction
is inversely proportional to wall thickness.

3.4.2 Thermoelectrical analogy

Thermoelectrical analogy considers the heat flow as current and walls as resistances.
On the basis of thermoelectrical analogy, U values of building envelope may be
calculated as following [23];

L

RWaII =T A
kA,

(3.7)

Where, L is thickness of plane wall in m, R, is thermal resistivity of plane wall in

K/W.
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T1 " T2

=1 2 3.8
Qcond,wall R ( )

Where, R is thermal resistivity of plane wall in K/W, Qcondywa,, is heat transfer

through plane wall in W.

Rconv =T (39)

Where, R, is convection resistance of surface in K/W.

Following figure illustrates thermoelectrical analogy for plane walls.

Wall
Too]\
T1
0
TooZ
Rconv Rwall Rconv
Tool Il I TooZ
@ T T

Figure 3.4 : Thermoelectrical analogy.

1 L 1
Rotal = Rconv,l + Ry + Rconv,z = m + m + hZ_A (3.10)
N T-T
Q - R1 + RWaII + RZ (311)
Q =UAAT (3.12)
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1

UA=—
Rtotal

(3.13)
3.4.3 Calculation of linear thermal transmittance

European standard EN 10211:2007 describes the calculation of linear thermal
transmittance as follows [19];

N
y=L"->U,l (3.14)
j=1

Where, ¥ linear thermal transmittance of the linear thermal bridge separating two

environments in W/mK, U, is thermal transmittance of the 1-D component of j

separating the two environments in W/m?K, |

i Is length within 2-D geometrical

model over which the value U, applies in m, N is number of 1-D elements.

4 (3.15)

Where, L2p is thermal coupling coefficient in W/mK, ¢ is heat flow rate per meter

length in W/m, @i is internal temperature in K, @, is external temperature in K.

3.4.4 Calculation of overall U value

In order to obtain overall U value, linear thermal transmittance values are calculated
which indicates thermal transmittance of thermal bridge area. Overall U value can be
calculated as follows [8];

U= Z('/"';:+Z(7‘)+uO (3.16)

Where, U is total effective assembly thermal transmittance in W/m?K, Uo is clear
field thermal transmittance in W/m? K, Arotar is total opaque wall area in m?, ¥ is
linear thermal transmittance in W/mK, L is length of thermal bridge in m, y is heat

flow from point thermal bridge in W/mK.

Effects of point thermal bridges are neglected throuhout this study.
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3.4.5 Calculation of surface temperature factor

Surface temperature factor is used to evaluate condensation potential at a specific
point. EN 10211-2007 suggests to calculate surface condensation potential to

eliminate mold grow [19].

Surface condensation potential is an dimensionless number. Each country develops
own evaluation chart on the basis of their climatical conditions to use in design phase

and/or retrofitting phase.

Minimum surface temperature factor is suggested as 0.75 for dwellings in order to
avoid mold growth [24]. However, TS 825 does not suggest any value for surface

temperature factor.

0, (xy)-0,
—y) (3.17)

fRsi (X' y) Y o. -

Where, f., is temperature factor for the surface at point (x,y), ©si(X,y) is temperature

for the internal surface at point (x,y), in K.

3.4.6 Boundary conditions

EN 6946:2007 describes the calculation methods of thermal transmittance and
thermal resistance. The standard suggests surface resistances in terms of heat flow

direction as follows [21];

Table 3.1 :Surface resistance values.

Direction of heat flow

Surface resistance

[W/m?K] Upwards Horizontal Downwards
Rsi 0.10 0.13 0.17
Rse 0.04 0.04 0.04

In this study, heat flow is horizontal because of indoor space temperatures are equal.
Therefore, indoor surface resistance is chosen as 0.13 W/m?K, exterior surface
temperature is chosen as 0.04 W/m?K however, this value is equal for all directions as

shown in the table above.
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As regards to indoor temperature, 20°C is selected for winter season on the basis of
EN 15251 and Ashrae-55. EN 15251 suggests that, design temperatures for heating
ventilating and air conditioning (HVAC) systems 20°C for 1.0 clo and 1.2 met values
[25, 26].

Outdoor temperature is decided as 0°C depending on site’s annual temperature

statistics [27].

Following figure illustrates surface resistances of indoor and outdoor space of the

case study’thermal bridge geometry.

Inside Outside

: .

Outside

Inside

Figure 3.5 : Boundary spaces of selected geometry.
3.5 Assesment of Building Energy Performance

In order to evaluate thermal bridge effect on building energy performance, linear
thermal transmittance is calculated by Therm 7.3 software. Then, overall U value is
derived and inputted into the eQuest software. Building energy performance is being
examined by eQuest results.

3.5.1 Introduction to Applied Software

3.5.1.1 Therm 7.3

THERM is a freeware steady state finite element two dimensional heat transfer
software released by Lawrance Berkeley National Laboratory [28]. The tool’s user
interface allows users to draw their own geometries or import CAD drawings such as

.dxf files or bitmap files (.bmp) [29]. Material database of software initially consists

17



of default building elements mostly glazing and door materials but users can create
specific materials simply by entering material’s thermal conductivity and emissivity
for a definite simulation. Besides, addition or subtraction of boundary conditions is
possible as well. By entering temperature, film coefficient and relative humidity a

boundary condition can be created as well.

The tool is capable of generate mesh automatically and users can alter mesh

parameters due to error estimator [30].

Following results can be seen after THERM heat transfer simulation;

1. Isotherms;

2. Color-flooded isotherms;

3. Het flux vector plots;

4. Color-flooded lines of constant flux;

5. Temperatures (local and average, maximum and minimum);
6. Total product U-factor.

Following figure illustrates user interface of Therm software.

a THERM 7.3 - [Untitled-2] -8 n
& File Edt View Dvaw Libraries Options Calculation Window Help
[cw@s@EEs Ta T~ 3 ?f{\ls“' _|
7 | -
[N g
II |
II II 1
/ / \
/ \
/ \
/ |
1 "
6
2 3 4 5

iy 55723 duwdy 25551777 jen 3112 Step 100 'mm
I Razacly Sl NUM

Figure 3.6 : User interface of Therm 7.3.
Features which numbered on the figure above;

1. Drawing and measurement tool
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Figure 3.7 : New material addition window of Therm 7.3.
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Figure 3.8 : New Boundary condition window of Therm 7.3.
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Figure 3.9 : Therm 7.3 model of selected thermal bridge geometry.

Two dimensional heat transfer analyses for balcony geometry was calculated using
THERM program. U-values which calculated by THERM were inputted into
eQUEST software.

EN 20211:2007 validation of Therm 7.3 software
In order to validate data obtained from finite element software, EN 10211-2007

suggests four tests for 3D analysis and two tests for 2D analysis. Which are [19];
Case-1: Heat transfer through half square column with known surface temperatures;
Case-2: Heat transfer through composite wall with known surface temperatures.

Following sections describe each validation test and test results for Therm 7.3

software.

EN 10211:2007 validation for case-1

Heat transfer through half a square column with known surface temperatures was
considered. Temperature of 28 nodes are calculated analytically for a material which
thermal conductivity is 1 W/mK within the standard. It is suggested that, temperature

difference between standard and validation test should not exceed 0.1°C [19].

Following figure illustrates boundary condition of column and analytically calculated
temperatures of 28 nodes.
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Figure 3.10 : Nodes of EN 10211:2007 validation case-1.

Table 3.2 : Node temperatures of EN 10211:2007 validayion test for case-1.

Number of node Temperature [°C]
1 15.1
2 10.8
3 7.5
4 5.0
5 3.2
6 1.9
7 0.9
8 14.7
9 10.3
10 7.0
11 4.7
12 3.0
13 1.8
14 0.8
15 13.4
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Table 3.2 (continued): Node temperatures of EN 10211:2007 validayion test for

case-1.

Number of node Temperature [°C]
16 8.6
17 5.6
18 3.6
19 2.3
20 1.4
21 0.6
22 9.7
23 5.3
24 3.2
25 2.0
26 1.3
27 0.7
28 0.3

EN 10211:2007 validation for case-2

Case-2 considers a composite wall consist of four building materials which are;
concrete, wood, insulation and aluminum. The standard suggest that, difference
between standard’s values and validation test values for temperature should not

exceed 0.1°C also for heat flow should not exceed 0.1 W/m [19].
On the basis of these cases validation of softvare will be performed.

Following figure illustrates case-2 model geometry.

D 1
2 G
K J 3

4
Figure 3.11 : Model of EN 10211:2007 validation for case-2.

The material coded as 1 in the figure is concrete also, number 2, number 3 and

number 4 are; wood, insulation, aluminum respectively.
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Following table shows dimensions of different layers, k values and surface resistance

values for interior and exterior space.

Table 3.3 : Boundary conditions of EN 10211:2007 validation for case-2.

Thermal Conductivity

Dimensions [mm] Boundary conditions

[W/mK]
AB =500 1:1.15 AB: 0°C with Rse = 0.06
m2K/W
AC=6 2:0.12 HI: 20°C with Rsi = 0.11
m2K/W
CD=15 3:0.029
CF=5 4: 230
EM =40
GJ=15
IM=15
FG-KJ=15

3.5.2 Building energy performance analysis

In this study energy performance analysis of building is done by eQuest software.
eQuest is a whole building dynamic building energy simulation tool built upon DOE
2-2 simulation engine developed by U.S. Department of Energy [31]. The software
allow users to input detailed building data such as building type, operation schedules,
U-values, chiller, pumps and boiler. Also, eQUEST allows users to import CAD files

to calculate exact sizes of zones.

Initially, software has weather data for US but users can add a specific weather data
with .bin format. Latitude of the building need to be determined in order to obtain

appropriate hourly weather data of the district longitude [32].

eQUEST presents a detailed hourly report for a year and graphical summary results.
Users can check loads and energy consumption of individual spaces. Also, energy
consumption HVAC system elements such as a pump or chiller can be found in the

output file.

Our case study buildings energy model was created with eQUEST on the basis of
building data and THERM outputs.
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Figure 3.12 : User interface of eQuest software.

Figure 3.13 : eQuest model of our building.
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4. CASE STUDY

A case study approach was adopted to help understand the impacts of thermal bridge
on building energy performance. A typical residential building was chosen for the
case study in order to evaluate effects of balcony thermal bridges on building

energy performance.

In this study, three case studies are investigated as listed below;
Case -1: Existing condition (uninsulated);

Case-2: Exterior wall insulated condition;

Case:-3: Exterior wall and balcony slab insulated condition.

Following table explains case studies.

Table 4.1 : Summary of case studies.

Exterior wall Balcony slab
Case-1 Not insulated Not insulated
Case-2 Insulated Not insulated
Case-3 Insulated Insulated

4.1 Building Selection

As discussed in introduction section, residential energy consumption accounts almost
a half of total energy consumption in OECD countries. With respect to fast growing
trend of construction sector lack of insulation studies in Turkey, a residential
building is selected.

In Turkey Building Energy Performance Management Code published in 2008 [33].

However, most of the buikldings lack of insulation study still.

Our case study building is a residential two storey twin apartment unit. Each
apartment unit has 103 m? conditioned area.
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Figure 4.1 : Footprint of the selected building

As illustrated above two apartment consist of 206m?2.

Table 4.2 : Description of selected building.

Description Details
Two story Fagade area (windows and doors 445,258 m?
residential excluded)
building VZV'th Length of balcony slab contacted 254 m
412 m surface
conditioned
area Window and door area 63.87 m?

Figure 4.2 : A photograph of selected building.
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4.2 ldentification of the Environmental Site

The building is located in Soma which is town of Manisa Province located in Aegean

district of Turkey. Major characteristics of the Soma is given in table below [34];

Table 4.3 : Details of Soma district.

Total area 826 km?
Population in city center 60,674
Elevation from sea level 175m

Lsgsbonamn |
Georgia

nnnnn

Tiirkiye
Turkey

AAAAA
¥

Figure 4.3 : Location of Manisa Province in Turkey.

Climate type of Soma is Mediterranean climate. Following graphics illustrates
temperature precipitation values of Soma on a monthly basis.
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Figure 4.4 : Annual temperature graph of Manisa district.

As shown in the figure 4.4, average temperature may increase almost 30°C, however,

the average temperature may decrease nearly 5°C. Besides, mean maximum
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temperature can go up to 35 degrees in summer seasons, nonethless mean minimum

temperature can drop to 3 degree in winter seasons [35].
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Figure 4.5 : Annual precipation values of Manisa district.

The bar chart above shows precipation of the Soma. It can be seen that, Precipation
may drop nearly 0 mm in summer seasons, however, in winter seasons it increases
almost 150 mm [35].

4.3 ldentification of Building Characteristics

Building is constructed as single block concrete. Walls consist of brick and cement
finish. Also, heating system is beased on conventional heating, besides, cooling need
is provided by split air conditioner. In detail, exterior wall consists of cement finish
and brick layer, internal floor consist of hardwood, cement finish, reinforced
concrete, gypsym plaster layers, balcony floor consists of granite, cement finish and

low reinforced concrete layers.

Following table presents characteristics of selected building section including

material names and layers.

Table consists of exterior wall, internal floor and balcony floor with their thermal

conductivity value of each layer.

Next section identifies problematical sites in the building in terms of thermal bridge.
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Table 4.4 : Details of selected geometry.

Building Drawing [lustration Name of Thermal

element of material conductivity
individual (W/mK)
elements [22]

THr Cement Finish 1.4

" | !
| : I : |
Exterior wall o ¥
| ! | ! |
| ! | ! |
' : % Brick 1.4
— Hardwood 0.2
??/ Cement finish 1.4
=
TR
Internal floor
RRNLRNNIND e Reinforced
1:‘{:‘{}<}<:‘<:‘<:‘i < < < 2.5
-c:‘-c}<>-c><><:‘-:>-< EE] Concrete
S
S
k\ Gypsum
0.51
plaster
Granite 2.8
Balcony floor P Cement finish 1.4
Low
reinforced 1.65
concrete
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4.4 ldentification of the Problematical Sites in the Building in Terms of Thermal
Bridge

As mentioned in previous chapters thermal bridges in buildings depends on geometry
and material. In this study, Balcony thermal beridges are investigated.

Following figure illustrates demo building’s balcony slab cross section which used

in this study.

Wood

Granite

Cement finish

Reinforced concrete |

Figure 4.6 : Intersection of selected geometry.

In the figure above, left hand side represents indoor surface, right hand side

represents outside.

4.5 ldentification of Calculation Methods

In order to conduct a thermal bridge calcualtion numerically, validation tests of finite
element software must be done on the basis of EN 10211:2007 [19]. The standard
suggests four validation tests, however, for two dimensional calculation first two

validation test is recommended.

Following chapter explains validation tests for this study.
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4.5.1 Results of EN 10211:2007 validation test case-1 for Therm 7.3 Software

In order to evaluate 28 nodes, mentioned in previous sections, model is developed
combination of 50 cm x50cm squares. For width of the column, 4 squares are
combined also, 8 squares are combined for the height of column as shown below.

Figure 4.7 : EN 10211:2007 validation model for case-1.

Finally, 400 cm x 200 cm half a square column is developed and simulated on the
basis of standard’s suggestions by using Therm 7.3. As boundary temperatures;
upper side of the column is set as 20°C, left hand side and bottom side is set as 0°C
and right hand side of the column is set as adiabatic depending on EN 10211:2007
[19].

Following figure illustrates color infrared result of simulation.
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Figure 4.8 : Color infrared graph of EN 10211:2007 validation for case-1.
With regard to boundary conditions color infrared graph seem logic.

Following table presents comparison of temperature values in °C between the

standard and Therm 7.3 results.

Table 4.5 : Results of EN 10211:2007 validation test for case-1.

Number X- y- EN 2011- Therm test Difference
of node coordinate coordinate 2007 results
[mm] [mm] T[°C] T[°C] T[°C]

1 200 350 15.10 15.09 0.01

2 200 300 10.80 10.81 0.01

3 200 250 7.50 7.46 0.04

4 200 200 5.00 5.00 0

5 200 150 3.20 3.21 0.01
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Table 4.5 (continued): Results of EN 10211:2007 validation test for case-1.

Number X- y- EN 2011- Therm test Difference
of node coordinate coordinate 2007 results

[mm] [mm] T[°C] T[°C] T[°C]
6 200 100 1.90 1.90 0
7 200 50 0.90 0.88 0.02
8 150 350 14.70 14.73 0.03
9 150 300 10.30 10.32 0.02
10 150 250 7.00 7.01 0.01
11 150 200 4.70 4.65 0.05
12 150 150 3.00 2.98 0.02
13 150 100 1.80 1.76 0.04
14 150 50 0.80 0.81 0.01
15 100 350 13.40 13.39 0.01
16 100 300 8.60 8.64 0.04
17 100 250 5.60 5.60 0
18 100 200 3.60 3.63 0.03
19 100 150 2.30 2.30 0
20 100 100 1.40 1.35 0.05
21 100 50 0.60 0.62 0.02
22 50 350 9.70 9.65 0.05
23 50 300 5.30 5.24 0.06
24 50 250 3.20 3.18 0.02
25 50 200 2.00 2.01 0.01
26 50 150 1.30 1.26 0.04
27 50 100 0.70 0.73 0.03
28 50 50 0.30 0.34 0.04

As mentioned in previous chapters, the standard suggests maximum difference of
temperature value 0.1 °C. In my test, maximum value of temperature difference is
calculated by Therm 7.3 1s 0.06°C for node number 23. Rest of values are very close

to standard’s values. However, 0.06°C is acceptable for EN 10211-2007 [19].

4.5.2 Results of EN 10211:2007 validation test case-2 for Therm 7.3 software

As mentioned widely in previous chapters, case-2 considers a composite wall which

consists of four material.
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Following figure illustrates model of geometry which created using Therm sorftware

on the basis of standard’s spesifications.

Figure 4.9 : EN 10211:2007 validation model for case-2.

Composite wall is created on the basis of four material’s k value which are concrete,
wood, insulation material and aluminum. Besides, dimensions are inputted due to
EN 10211:2007 [19].

Following figure which is a color infrared graph presents Therm 7.3 simulation

results of composite wall for validation test.
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Figure 4.10 : Color infrared graph of EN 10211:2007 validation for case-2.

Bottom side of the composite wall is set as 20°C with 0.11 m?K/W surface resistance
and upper side of the composite wall is set as 0°C with 0.06 m?K/W  surface
resistance. Down side of the wall represents indoor space and upper side of the wall
represents outdoor surface on the basis of EN 10211:2007 [19].

Not surprisingly, left hand side of the wall is described as red color. This is because

of very high thermal conductivity of aluminum material exist in section.
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Following table shows difference between calculation results of the Therm 7.3 and
the standard for specific points.

Table 4.6: Temperature results of EN 10211:2007 validation test for case-2.

Point EN 2011-2007 Therm test results Difference

T[°q] T[°C] T[°C]
A 7.1 7.12 0.02
C 7.9 7.93 0.03
F 16.4 16.39 0.01
H 16.8 16.75 0.05
D 6.3 6.29 0.01
G 16.3 16.32 0.02
B 0.8 0.76 0.04
E 0.8 0.82 0.02
I 18.3 18.30 0

The highest temperature difference is calculated for point H as 0.05°C. However, the
standard suggests maximum value of temperature difference as 0.1°C. this shows
that, temperature values are coherent with the EN 10211:2007 [19].

According to analysis results of validation, heat flow difference is calculated as 0,03
W/mK between EN 10211:2007 and Therm software analysis.

As mentioned in previous chapters, the standard suggest the maximum value of heat
flow per meter as 0.1 W/mK. However, the difference between Therm 7.3 calculation
and standard’s values is 0.03 W/mK [19].

Taken together, these results suggest that Therm 7.3 is convenient software to
calculate thermal bridges numerically on the basis of EN 10211-2007 [19].

4.6 Calculation Results

As mentioned in previous chpaters. In this study, three case studies are investigated
as listed below;

Case -1: Existing condition (no insulation);

Case-2: Exterior wall insulated condition;
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Case:-3: Exterior wall and balcony slab insulated condition.

Following section gives an account of calculation of thermal bridges for each three
cases.

4.6.1 Calculation results for case-1

Case-1 considers the building envelope as existing situation. In this situation; no
insulation is applied to the building. Basically, Exterior wall consists of brick and
cement finish. Besides, Balcony slab exists of low reinforced concrete, cement finish

and granite.

Following figures illustrates representative exterior wall and balcony slab.

Figure 4.11 : Intersection of exterior wall.

Table 4.7: Details for exterior wall.

Representative Name of material Thermal Width of layer
illustration of conductivity [m]
material [W/mK]
i Cement Finish 1.4 0.01

% Brick 1.4 0.25

As it can be seen in the table above, exterior wall consist of brick and cement finish.

P

PRI rT I rrrrrys

Figure 4.12 : Intersection of balcony slab.
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Table 4.8 : Details of balcony slab.

Representative Name of material Thermal Width of layer [m]
illustration of conductivity
material [W/mK]
Granite 2.8 0.03
Cement finish 1.4 0.01
Low reinforced concrete 1.65 0.15

As showed in the table above, balcony slab is consists of three layers as; granite,

cement finish and low reinforced concrete.

4.6.1.1 Calculation of exterior wall’s U value

Based on the thermoelectrical analogy which explained in detail in previous sections,

U value of exterior wall is calculated as following.

As first step, thermal resistances of each layer is calculated using equation 3.6.
Thermal resistance of cement finish and brick are calculated as 0.007 m?K/W  and
0.178 m?K/W then, total thermal transmittance of wall is calculated using equation
3.10. Total thermal transmittance of wall is calculated as 0.362 m?K/W, lastly, U
value of wall is yielded using equation 3.13. U value of wall is calculated as 2.762
m2K/W.

Length of each layers and k values are demonstrated in section 4.6.1 and area of wall

is taken as 1 m2.

Following figure illustrates thermal resistance model for case-1.

Figure 4.13 : Thermal resistance model of exterior wall.
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Calculation of linear thermal transmittance
In order to evaluate heat loss through walls and balcony slab and calculate linear
thermal transmittance, the geometry is created and boundary condition is defined as

mentioned in previous chapters .

According to Therm analysis, heat flow is calculated as 154.614 W/m for 20°C

degree difference.

Heat flow per meter celcious degree is calculated equation 3.15. Heat flow per meter
celcious degree is calculated as 7.73 W/m°C, then linear thermal transmittance is
calculated using equation 3.14. Linear thermal transmittance is calculated as 0.833

W/m°C. U value of wall is taken from section 4.6.1.2 and length is taken as 1m.

Calculation of overall U value of exterior wall
In order to calculate overall U value equation 3.16 is used. Linear thermal

transmittance is taken from previous section however, point thermal bridges are
neglected. Area of wall is demonstrated in section 4.1, besides, U value of wall is

taken from section 4.6.1.2. Overall U value of wall is calculated as 2.802 W/m?2°C.

Calculation of surface temperature factor
In order to calculate surface temperature factor equation 3.17 is used. Minimum
temperature on the surface is calculated as 11.59°C using Therm software, exterior

temperature is taken as 0°C and indoor space temperature is taken as 20°C.

Surface temperature factor is calculated as 0.579.

4.6.2 Calculation results for Case-2

Case-2 considers exterior wall insulated condition. Only difference between case-1

and case-2 is insulation of exterior wall.

The insulation material is selected as expanded polystyrene (EPS) which is the most
common insulation material in Turkish market. Thermal conductivity EPS is selected
as 0.035 W/mK on the basis of TS 825 standard.

A representative illustration of exterior wall for case-2 which icludes insulation layer

is given below.
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Figure 4.14 : Intersection of insulated exterior wall.

Table 4.9 : Details of insulated wall.

Representative Name of material Thermal Width of layer [m]
illustration of conductivity
material [W/mK]
! Cement finish 1.4 0.01
e Brick 1.4 0.25
R EPS 0.035 0.05

As it can be seen in the table above, exterior wall consist of cement finish, brick and

EPS insulation.

4.6.2.1 Calculation of exterior wall’s U value

Based on the thermoelectrical analogy, which explained in detail in previous

sections, U value of exterior wall is calculated as following.

As first step, thermal resistances of each layer is calculated using equation 3.6.
Thermal resistances of cement finish layer and brick layer are taken from section
4.6.1.2 also, thermal resistance of insulation layer is calculated as 1.428 m2K/W.
Then, total thermal transmittance of wall is calculated using equation 3.10. Total
thermal transmittance of wall is calculated as 1.797 m2K/W, Lastly, U value of wall is
yielded using equation 3.13. U value of wall calculated as 0.556 W/m2K. Length of
each layers and k values are demonstrated in section 4.6.2 and area of wall is taken

as 1 m2

Following figure illustrates thermal resistance model for case-2.
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Figure 4.15 : Thermal resistance model of insulated exterior wall

Calculation of linear thermal transmittance

In order to evaluate heat loss and calculate linear thermal transmittance to obtain
overall U value of the exterior wall for insulated wall case, model for Case-2 is
developed in Therm 7.3. Differently from case-1, EPS insulation is mounted to the

exterior wall. Thus, a decrease in U value of exterior wall is expected.

According to Therm analysis heat flow is calculated 51.198 W/m for 20°C degree
difference.

Heat flow per meter celcious degree is calculated equation 3.15. Heat flow per meter
celcious degree is calculated as 2.56 W/m°C. Then linear thermal transmittance is
calculated using equation 3.14. Linear thermal transmittance of wall is calculated as
1.203 W/m°C. U value of vall is taken from section 4.6.2.1 and length is taken as 1m.

Calculation of overall U value of exterior wall
In order to calculate overall U value equation 3.16 is used. Linear thermal

transmittance is taken from previous section however, point thermal bridges are

neglected. Area of wall is demonstrated in section 4.1, besides, U, value of wall is

taken from section 4.6.2.1. Overall U value of wall is calculated as 0.602 W/m?2°C.
Calculation of surface temperature factor

In order to calculate surface temperature factor equation 3.17 is used. Minimum
temperature on the surface is calculated as 16.13°C by Therm software, exterior
temperature is taken as 0°C and indoor space temperature is taken as 20°C. Surface

temperature factor is calculated as 0.806.

4.6.3 Calculation results for Case-3

Case-3 considers insulation of exterior wall and balcony slab both. Difference
between Case-2 and case-3 is insulation of balcony slab.
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As an insulation material EPS is selected for exterior wall, bottom and right hand
side of the balcony slab. But, for upper side of balcony slab XPS is selected due to
higher compression strength of XPS compared with EPS [36, 37]. Thermal
conductivity of XPS is selected as 0.030 W/mK on the basis of TS 825 standard.

Representative illustrations of balcony slab is presented below.
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Figure 4.16 : Intersection of insulated balcony slab.

Table 4.10: Details of insulated balcony slab.

Representative Name of material Thermal Width of layer [m]
illustration of conductivity
ial [W/mK]

Granite 2.5 0.05
Cement finish 1.4 0.01
o Brick 1.4 0.25
R EPS 0.035 0.05
by XPS 0.030 0.05

As it can be seen in the table above, insulated balcony slab consist of five layers as;

granite, cement finish, brick, EPS and XPS insulation.

Next section includes calculation of U value for exterior wall on the basis of material

properties which listed above.

4.6.3.1 Calculation of exterior wall’s U value

In order to evaluate heat loss through walls, floor and and balcony slab, case-3 is
developed with balcony slab insulation.
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According to Therm analysis heat flow is calculated 30.677 W/m for 20°C difference.
Because of exterior wall is the same with case-2, same U value is taken for this case.

Calculation of linear thermal transmittance

In order to obtain linear thermal transmittance heat flow per meter celcious degree is
calculated equation 3.15. heat flow per meter celcious degree is calculated as 1.533
W/m°C, then linear thermal transmittance is calculated using equation 3.14. Linear
thermal transmittance of wall is calculated as 0.177 W/m°C. U value of wall is taken

from section 4.6.3.1 and length is taken as 1m.

Calculation of overall U value of exterior wall

In order to calculate overall U value equation 3.16 is used. Linear thermal
transmittance is taken from previous section however, point thermal bridges are
neglected. Area of wall is demonstrated in section 4.1, besides, U value of wall is

taken from section 4.6.3.1. Overall U value of wall is calculated as 0.544 W/m?2°C.

Calculation of surface temperature factor

In order to calculate surface temperature factor equation 3.17 is used. Minimum
temperature on the surface is calculated as 17.71°C by Therm software, exterior
temperature is taken as 0°C and indoor space temperature is taken as 20°C. Surface

temperature factor is calculated as 0.885.

4.7 Assessment of Building Energy Performance

In this section, 2-dimensional heat transfer simulations are performed and based on
ovearall U values which calculated on the basis of linear thermal transmittance
values building energy performance study is conducted. In order to investigate
building energy performance, eQuest software is used.

As mentioned in previous chapters, Therm is a 2-Dimensional based finite element

heat transfer analysis tool developed by Berkeley Laboratory.

For all simulation cases exterior temperature is taken as 0°C and interior space
temperature is taken as 20°C. In order to calculate linear thermal transmittance heat

flow per meter celcius degree is derived.

Besides, heating system is modelled as conventional heating which works based on

natural gas and cooling system is modelled as split air conditioner.
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4.7.1 Assessment of building energy performance for Case-1

This chapter explains how builidng energy performance is simulated based on Therm
outputs for case-1.

4.7.1.1 Results of 2-D heat flow simulations

This section describes the results of Therm 7.3 simulations.

Following figures illustrates isothermal, color infrared and heat flux magnitude

simulation results for Case-1.

10.0.2.4

Figure 4.17 : Isothermal graph of case-1.
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Figure 4.18 : Color infrared graph of case-1.
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Figure 4.19 : Heat flux magnitude of case-1.
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As it can be seen from the figure 4.17, a fluctuation is detected on balcony slab,
indoor floor and beam. This situation can be called as a thermal bridge.

As shown in the figure 4.18, temperature of indoor floor decreases from left hand
side to balcony corner. High thermal conductivity of reinforced concrete and low

reinforce concrete is caused to temperature decrease on internal floor.

As demonstrated in the figure 4.19, heat flux rate on beam and balcony slab is higher

than walls. Because of high thermal conductivity of balcony slab.

Results of building energy performance analysis for Case-1
In order to evaluate building energy performance, overall U values are calculated on
the basis of linear thermal transmittance and inputted into the model which

developed by using eQuest software.

According to building energy performance simulation heating energy consumption is
calculated as 108134.58 kWh, cooling energy consumption is calculated as 11600
kWh and total energy consumption is calculated as 151937.04 kWh for case-1.

Following bar chart illustrates the heating, cooling and total energy consumption for
Case-1.
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100000 —Annual space cooling energy
consumption[kWh]
80000 ® Annual space heating energy
consumption[kWh]
60000
- Total energy
40000 consumption[kWh]
20000
0

Existing condition

Figure 4.20: Annual energy consumption values of case-1.

Calculation results of floor surface temperature
Following line chart presents floor temperature distribution from balcony corner.
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Figure 4.21 : Surface temperature distribution as a functuon of distance from
balcony corner for case-1.

As it can be seen in the line chart, Indoor corner temperature is approximately 11°C.
In order to evaluate condensation risk on the surface, surface temperature factor is

calculated in section 4.6.

The calculation result of surface temperature factor yielded 0.579. As mentioned in
previous chapters, the minimum value of surface temperature factor for dwellings is
suggested as 0.75.

Consequently, Case-1 has condensation potential on internal surface.

4.7.2 Assessment of building energy performance for Case-2

This chapter explains the evaluation of building energy performance based on Therm
and Equest results for case-2.

4.7.2.1 Results of 2-D heat flow simulations

Following figures illustrates isothermal, color infrared and heat flux magnitude

simulation results for Case-2.
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Figure 4.22 : Isothermal graph of case-2.
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Figure 4.23 : Color infrared graph of case -2.
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Figure 4.24 : Heat flux magnitude graph of case-2.

As shown in the figure 4.22, a sharp fluctuation on isothermal lines occurred on
balcony slab. A possible explanation for this fluctuation might be that, instability of

insulation material.

As it can be noticed from the figure 4.23, temperature decreases sharply from
balcony slab to indoor floor. It seems possible that these result is due to high thermal
conductivity of reinforced concrete, low reinforced concrete and instability of

insulation material. An excessive heat loss takes place on balcony slab.

As mentioned in figure 4.24, heat flux takes place mostly on the floor due to

instability of insulation material.

Results of building energy performance analysis for Case-2
In order to assess building energy performance, overall U values which obtained

from linear thermal transmittance value inputted into the eQuest software.

According to building energy performance simulation heating energy consumption is
calculated as 55324.26 kWh, cooling energy consumption is calculated as 9010 kWh
and total energy consumption is calculated as 90953.79 kWh for case-2.
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Following bar chart illustrates heating, cooling and total energy consumption of the
building for case-2.
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Figure 4.25 : Annual energy consumption values for case-2.

Calculation results of floor surface temperature

As described in previous chapters surface temperature factor is an indicator for
surface condensation. In order to investigate surface condensation a detailed
calculation must be performed. However, in this study surface condensation potential
is evaluated using surface temperature factor. Besides, surface condensation potential
directly effects indoor air quality.

In order to evaluate surface condensation potential risk, surface temperature factor is

calculated for case-2 in section 4.6.

As mentioned in previous sections, suggested minimum value for surface
condensation potential is 0.75. However, in our case it is calculated as 0.806. this

means that Case-2 has no surface condensation potential for floor.

Following line chart presents indoor floor temperature from balcony corner.
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Figure 4.26 : Floor surface temperature distribution as a function of distance
from balcony corner of case-2.

As it can be noticed on the line chart, minimum temperature detected on the corner
of the balcony slab as approximately 16°C.

4.7.3 Assessment of building energy performance for Case-3

This chapter explains building energy performance assessment based on Therm and
Equest results for case-3.

4.7.3.1 Results of 2-D heat flow simulations

Following isotherm, color infrared and heat flux magnitude graphs illustrate

temperature distribution of the model for Case-3
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Figure 4.27 : Isothermal graph of case-3.
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Figure 4.28 : Color infrared graph of case-3.
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Figure 4.29 : Color infrared graph of case-3.

As demonstated in the figure 4.27, temperature of balcony slab and internal floor id

increased.

As shown in the figure 4.28, temperature of indoor floor and balcony slab is

increased.

As it can be seen from the figure 4.29, heat flux is decreased because of the effective

insulation of thermal bridge.

Results of building energy performance analysis for Case-3

In order to evaluate heating, cooling and total energy consumption, new psi value is
calculated for insulated balcony slab and overall U value is derived on the basis of
Therm 7.3 outputs. Overall U values are inputted into the eQuest software to

calculate building energy performance.

According to building energy performance simulation heating energy consumption is
calculated as 52886.5 kWh, cooling energy consumption is calculated as 8910 kWh
and total energy consumption is calculated as 88156.03 kWh for case-3.
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Following bar chart shows heating, cooling and total energy consumption of building

for Case -3.
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Figure 4.30 : Annual energy consumption values for case-3.

Calculation results of floor surface temperature
Following line chart shows indoor floor temperature from balcony corner as a

function of distance from balcony corner.
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Figure 4.31 : Floor surface temperature values as a function of distance from
balcony corner for case-3.

53



In the line chart, minimum value of corner approximately 17°C. In order to evaluate

surface condensation potential surface temperature factor is calculated in section 4.6

as 0.885.

Because of 0.885 is higher than 0.75 our case has no condensation risk on balcony

corner.
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5. CONCLUSION

This thesis, examined the relationship between balcony thermal bridge and building
energy performance for Turkish climate conditions. Three case study is developed as

listed below;

Case-1: Existing condition (uninsulated);

Case-2: Exterior wall insulated condition;

Case-3: Exterior wall and balcony slab insulated condition.

simulations are performed for each case study and results are listed in previous

chapters.

This chapter evaluates comparative results of each case in terms of heating, cooling
and total energy consumption. Besides, percentage decrease or percentage increase in
building energy consumptions are assessed. Moreover, indoor floor surface

temperatures are compared between each three cases.

Following line chart illustrates heat flow rate per meter for each three cases.
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Figure 5.1 : Graph of heat flow rate for three cases.
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As it can be seen from the chart, heat flow rates decrease by addition of insulation
layer to exterior wall and balcony slab. These values are used to calculate linear

thermal transmittance to obtain overall U values.

Following line chart presents calculated linear thermal transmittance values for each
three cases. These values are calculated based upon Therm7.3 software outputs and

derived to overall U value as mentioned above.
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Figure 5.2 : Graph of linear thermal transmittance for three cases.

From the chart it can be seen that, linear thermal transmittance increases with
addition of insulation layer to the wall (Exterior wall insulated case). Interestingly,
this increase is related to heat flow through balcony slab. Heat flow is similar with
electric current. Addition of insulation is decreased thermal conductivity of wall also
contrast between extwrior wall and balcony slab is increased in terms of thermal
conductivity. Thus, linear thermal transmittance of selected surface is increased.

Following line chart illustrates calculated U values on the basis of linear thermal

transmittance values.
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Figure 5.3 : Graph of overall U value for three cases.

As it can be seen in the graph above, case-1 has the highest overall U value.
However, case-1 does not have the highest linear thermal transmittance value as

illustrated before overall U value chart.

These relationships may partly be explained by decrease in exterior wall U value

with the insulation.

Following table shows energy consumption of building in terms of heating, cooling,
and total energy. Furthermore, percentage change in consumptions are presented as

well.

Table 5.1 : Annual energy consumption values for each three cases.

Heating Cooling 1ol energy % % %
energy CNeT9Y  consumption heating cooling  total
consumption consumption energy energy energy
[kwWh] [KWh] [kwh] change change change
Case-1  108134.58 11600 151937.04 - - -
Case-2 55324.26 9010 90953.79 95455 28.745 67.05
Case-3 52886.5 8910 88156.03  4.609 1.122 3.173
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As, it can be seen in the table above, heating, cooling and total energy consumption

decreases by inclusion of insulation material.

Following bar chart illustrates energy consumption values of building for each three

case in terms of heating, cooling and total energy consumption.
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Figure 5.4: Annual energy consumption graphs of three cases.

As it can be ssen from the figure above, energy consumptions are decreased by

addition of insulation layer to the building.

Following line chart presents heating energy consumption and percentage heating

energy consumption decrease of building for each three cases.
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Figure 5.5 : Annual space heating energy consumption graph of thee cases.
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As it can be seen from the line chart above, heating energy consumption is decreased
by 48.8% with the addition of insulation layer to the exterior wall which is case-2.
Moreover, heating energy consumption is decreased by 4.4% with the insulation of

exterior wall and balcony slab.

Following line chart illustrates cooling energy consumption and percentage cooling
energy consumption decreased of building for each three cases.
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Figure 5.6 : Annual space cooling energy consumption graph of three cases.

As it can be seen from the line chart above, cooling energy consumption is decreased
by 22.3% with the addition of insulation layer to the exterior wall which is case-2.
Moreover, heating energy consumption is decreased by 0.8% with the insulation of
exterior wall and balcony slab.

Following line chart shows total energy consumption and percentage total energy
consumption decrease of building for each three cases.
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Figure 5.7 : Annual total energy consumption graph of three cases.

As it can be seen from the line chart above, total energy consumption of the building
is decreased by 40.1% with the addition of insulation layer to the exterior wall which
is case-2. Moreover, total energy consumption of the building consumption is
decreased by 3.07% with the insulation of exterior wall and balcony slab.

Following line chart presents indoor floor surface temperatures of building as a

function of distance from balcony corner.
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Figure 5.8 : Floor surface temperature distribution graph of three cases.
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As it can be seen from the chart above, indoor floor temperatures increase sharply
with insulation of exterior wall however, it increases slightly with insulation of the

balcony slab. These results are likely to be related to total area of exterior wall is

more than balcony cross section area.

61






6. REFERENCES

[1] EIA, U.,(2013). International Energy Outlook. US Energy Information
Administration, Washington, DC.

[2] Petroleum, B., (2015). BP Statistical Review of World Energy 2015, London.

[3] Giilliice, H., Sarac, H., (2003). Konutlarda Yalitim Kalinliklarinin
Arttirilmasinin Enerji Tasarrufuna Etkisi. Istanbul: Makina
Miihendisleri Odasi.

[4] Feist, W., et al., (2007). Passive house planning package 2007. Darmstadt:
Passive House Institute.

[5] Dagsoz, A.K. & Bayraktar K., (2002). Enerji Tasarrufu Yoniinden Standartlarin
Yeteksizligi. Miihendis ve Makina,02,45-48.

[6] Kiirek¢i A., Cubuk H., Emanet O., (2012). Tiirkiye’nin Tiim illeri Igin
Optimum Yalitim Kalinliginin Belirlenmesi. Tesisat
Miihendisligi,12,131-140.

[7] Erhorn, H., et al., (2010). An effective Handling of Thermal Bridges in the
EPBD Context: Final report of the IEE ASIEPI work on thermal
bridges. ASIEPI.

[8] Hershfield, M., (2011). Thermal performance of building envelope details for
mid-and high-rise buildings. ASHRAE Research Report: 1365-RP.

[9] Yilmaz, D., (2014). Thermal bridge detailing in tunnel form buildings with
passive house principles, in Architecture.(Master of Science Thesis)
Middle East Technical University. p. 185.

[10] Ge, H., McClung, V.R. and Zhang, S., (2013). Impact of balcony thermal
bridges on the overall thermal performance of multi-unit residential
buildings: A case study. Energy and Buildings. 60: p. 163-173.

[11] Theodosiou, T. and Papadopoulos, A., (2008). The impact of thermal bridges
on the energy demand of buildings with double brick wall
constructions. Energy and Buildings. 40(11): p. 2083-2089.

[12] Evola, G., Margani, G. and Marletta, L., (2011). Energy and cost evaluation
of thermal bridge correction in Mediterranean climate. Energy and
Buildings. 43(9): p. 2385-2393.

[13] Ge, H. and Baba, F., (2015). Dynamic effect of thermal bridges on the energy
performance of a low-rise residential building. Energy and Buildings.
105: p. 106-118.

[14] Gomes, A.P., H.A. de Souza, and Tribess, A., (2013). Impact of thermal
bridging on the performance of buildings using Light Steel Framing in
Brazil. Applied Thermal Engineering. 52(1): p. 84-89.

[15] Ibrahim, M., et al., (2014). Limiting windows offset thermal bridge losses
using a new insulating coating. Applied Energy. 123: p. 220-231.

[16] Goulouti, K., et al., (2014). Thermal performance evaluation of fiber-reinforced
polymer thermal breaks for balcony connections. Energy and
Buildings. 70: p. 365-371.

63



[17] Cappelletti, F., et al., (2011). Analysis of the influence of installation thermal
bridges on windows performance: The case of clay block walls.
Energy and Buildings. 43(6): p. 1435-1442.

[18] Sezer, F.S. and Yesilyurt N.K., (2011). The Comparative Analysis of Thermal
Bridges in Cavity Walls Applications in Turkey and in European
Countries. Uludag University Journal of The Faculty of Engineering.
16(1) p. 38-47.

[19] ISO (2007). E., 10211: Thermal bridges in building construction—Heat flows
and surface temperatures—detailed calculations (ISO 10211: 2007).
CEN.

[20] ISO (2007). E., 14683: Thermal bridges in building construction-Linear
thermal transmittance-Simplified methods and default values (1ISO
14683: 2007). CEN.

[21] ISO (2007). E., 6946: 2007. Building components and building elements.
Thermal resistance and thermal transmittance. Calculation method.

[22] TS 925 (2008). Binalarda Ist Yalitim Kurallar:. Tirk Standartlart Enstitiisii.

[23] Yunus, A.C., (2003). Heat transfer: a practical approach. New York MacGraw
Hill.

[24] Ward, T.1., (2001). Assessing the effects of thermal bridging at junctions and
around openings. 2001: CRC.

[25] Cen, E., 15251, Indoor environmental input parameters for design and
assessment of energy performance of buildings addressing indoor air
quality, thermal environment, lighting and acoustics. European
Committee for Standardization, Brussels, Belgium, 2007.

[26] Ashrae (2004). A., Standard 55, Thermal environmental conditions for human
occupancy. American Society of Heating, Refrigerating and Air-
Conditioning Engineering, Atlanta, GA.

[27] Official weather statistics for Manisa Province. Access:10.September.2015.
http://www.mgm.gov.tr/.

[28] Mitchell, R., Kohler, C. and Arasteh, D., (2006). THERM/WINDOW NFRC
Simulation Manual, Lawrence Berkeley National Laboratory.
University of California, Berkeley, CA.

[29] Arasteh, D.K,, et al., (1998). Guidelines for modeling projecting fenestration
products/Discussion. ASHRAE Transactions. 104: p. 856.

[30] Huizenga, C., et al., (1999). Teaching students about two-dimensional heat
transfer effects in buildings, building components, equipment, and
appliances using Therm 2.0. Center for the Built Environment.

[31] Hirsch, J., (2010). eQUEST: Introductory tutorial, version 3.63. Camarillo, CA.

[32] Rallapalli, H.S., (2010). A Comparison of Energyplus and eQuest Whole
Building Energy Simulation Results for a Medium Sized Office
Building, Arizona State University.

[33] Binalarda Enerji Performansi1 Yonetmeligi, (2008). T.C. Resmi Gazete,
26897, 12 Mayis 2008.

[34] About Soma. Retrieved September 3, 2015, from http://www.soma.bel.tr/.

[35] Official Statistics for Istanbul. Retrieved September 10, 2015, from
http://lwww.mgm.gov.tr/.

[36] Kilar, V., Koren, D. and Bokan-Bosiljkov, V., (2014). Evaluation of the
performance of extruded polystyrene boards—implications for their
application in earthquake engineering. Polymer Testing. 40: p. 234-
244,

64


http://www.mgm.gov.tr/
http://www.soma.bel.tr/
http://www.mgm.gov.tr/

[37] Chen, W., et al., (2015). Static and dynamic mechanical properties of expanded
polystyrene. Materials & Design. 69: p. 170-180.

65






CURRICULUM VITAE

Name Surname: Zafer YUCE

Place and Date of Birth: Adana /1989
E-Mail: zaferyuce@outlook.com
EDUCATION:

B.Sc.:Y1ldiz Technical University Mechanical Engineering Department

PROFESSIONAL EXPERIENCE AND REWARDS:

Project Supported Research Assistant at Istanbul Technical University Energy
Institute (04.2014-09.2015)

67



